In this work, mesoporous aluminas (MAs) with uniform and monomodal pores were fabricated via a modified inverse micelle synthesis method, using a non-polar solvent (to minimize the effect of water content) and short reaction time (for a fast evaporation process). The effects of reaction times (4e8 h), surfactant chain lengths (non-ionic surfactants), and calcination temperatures and hold times (450 e600 C; 1e4 h) on the textural properties of MA were studied. The targeted pore sizes of MA were obtained in the range of 3.1e5.4 nm by adjusting the surfactant and reaction time. The surface area and pore volume were controlled by the calcination temperature and hold time while maintaining the thermal stability of the materials. The tuned MA of the large mesopore volume achieved 168 mg/g octamethylcyclotetrasiloxane (D4 siloxane) adsorption capacity, a 32% improvement compared to commercially activated alumina. After three adsorption recycles, the synthesized MA still maintained approximate 85% of its original adsorption capacity, demonstrating a sustainable adsorption performance and high potential for related industrial applications.
Introduction
Biogas (primarily methane and carbon dioxide) produced by anaerobic digestion of waste materials possesses considerable energy value. Traces of impurities in the biogas (e.g., sulfides, halides, and siloxane compounds) need to be removed before use [1e7] . Siloxane, one of the impurities, refers to a subgroup of silicones containing SieO bonds with organic chains attached to the silicon atom [1] . During biogas combustion, siloxane, if not removed beforehand, can form abrasive microcrystalline silica particles which inhibit heat conduction and lubrication of the engine [2,8e10] .Current technologies for siloxane removal from biogas are mainly based on adsorption. Adsorbents cover a variety of materials such as activated carbons (ACs), zeolites, molecular sieves, or silica gels [1, 2, 11] . The most widely used adsorbents are ACs [12] , but regeneration of ACs is difficult due to the polymerization of adsorbed siloxanes on the AC surface [1, 5, 13] .
Mesoporous materials, especially MAs [14e18] , are considered promising for siloxane adsorption because of their proper pore diameters [1, 15] , and high surface areas. In our previous work, mesoporous aluminosilicates prepared by the same synthetic strategy showed improved adsorption performance with higher aluminum concentrations. As for mesoporous aluminosilicates, surface area and pore volume are two key factors that strongly influence the adsorption capacity of D4 siloxane [19] . Apart from the goal of high pore volumes, pore size is another particularly significant textural property to consider. Porous materials with continuously adjustable pore sizes have attracted great interest in a variety of applications such as molecular sieves, selective adsorption, and size-selective catalysis [20, 21] . All of these have led us to develop MA materials with adjustable pore sizes and high pore volumes.
Different synthetic methods have been employed for preparing MA, such as an aerosol generation method using block copolymers, a modified sol-gel method with organic templates, and an evaporation-induced self-assembly (EISA) [22, 23] . The EISA strategy is a significant achievement for synthesizing ordered MA (Table S1 ). However, there is a continual dispute on the importance of ordered versus wormhole-like pore structures. It is desired to develop both pore structure MA to meet the requirements of various applications [24, 25] .As for wormhole-like pore structure MA, the common synthetic pathways deduced from the synthesis methods of mesoporous silica yield unsatisfactory alumina materials [20] . Examples of the unadjustable pore size for wormholelike MA synthesized by the currently available methods can be found from Vaudry et al., who reported MA materials with a narrow pore size distribution prepared by anionic surfactants (carboxylic acids) [26] . And Kim et al. synthesized MA of identical pore size (4 nm) irrespective of the variation of surfactant/aluminum precursor ratio [27] .
The main contribution of this research is to explore controllable wormhole-like MA synthesis. As shown in Table S2 , the water content is critical during the synthesis. Therefore the reagent to water ratio has to be strictly controlled [28] . Our synthetic strategy includes a non-polar solvent to minimize the effects of water and create a fast evaporation process. This strategy has been successfully used for preparing different mesoporous transition metal oxides, such as manganese oxide [29, 30] , cobalt oxide [31] , titanium oxide [32, 33] , and iron oxide [34, 35] , which displayed superior performances in different applications. However, this is the first time this synthetic strategy has been used for the preparation of wormhole-like MA (Table S2 ). The synthesis parameters have been modified to develop this synthetic strategy further. It is important and significant to learn more about this synthetic strategy through this study, which may be applied to other mesoporous systems. Reaction times, surfactant chain lengths and calcination temperatures, which are commonly used for adjusting pore sizes [20,36e38] , were chosen as parameters for adjusting the textural properties (pore sizes, surface areas, and pore volumes) of alumina. The synthesized MAs have been demonstrated to have an excellent D4 siloxane adsorption capacity, compared with commercially activated alumina. Some insights to correlate synthesis parameters with the material textural properties and adsorption performance are also involved in this study.
Experimental

Synthesis of MA
All chemicals were used as received without further purification. During the synthesis, 5 g aluminum sec-butoxide (Alfa-Aesar) was diluted in 10 g 1-butanol (Sigma-Aldrich) with stirring at ambient temperature. Then 2 g Pluronic P123 (Poly (ethylene glycol)-block-Poly(propylene glycol)-block-Poly(ethylene glycol); PEO 20 -PPO 70 -PEO 20 ; Sigma-Aldrich) was added. At the same time, 2 g nitric acid (J.T.Baker) was dissolved in 10 g 1-butanol. The two solutions reacted at 120 C for 6 h, yielding a transparent gel. The gel was washed several times with ethanol to remove surfactants and dried in a vacuum oven at room temperature overnight. Different reaction times (4 h, 6 h, 8 h) were studied at 120 C with P123 as the surfactant. After being ground, the obtained powders were placed in a cuvette and calcined in air at 450e600 C for 1e4 h, with a 2 C/min heating rate. 0.2 g Brij56 (C 16 H 33 (PEO) 10 OH; Sigma-Aldrich), and 4.3 g F127 (PEO 106 PPO 70 PEO 106 ; SigmaAldrich) were also investigated to show the effect of surfactant chain lengths. Surfactant F127 has a longer chain length of PEO block than that of P123. Compared to the Pluronic triblock copolymers, Brij56 surfactant is a much shorter diblock polymer composed of a hydrophilic PEO block and C 16 H 33 alkyl chains. The obtained powders were calcined in air at 500 C for 1 h, with a 2 C/ min heating rate. The synthesis parameters for different samples are recorded in Table S4 . After calcination, the samples were stored in screw-cap vials and put in a vacuum oven before usage to desorb water and weakly held contaminants [17] . The samples were packed in the reactor for D4 siloxane adsorption immediately after being removed from the vacuum oven.
Characterization
X-ray diffraction (XRD) analyses were performed in a Rigaku Ultima IV diffractometer (Cu Ka radiation, l ¼ 1.5406 Å) with an operating voltage of 40 kV and a current of 44 mA. The low angle PXRD patterns were collected over a 2-theta range of 0.5e10 with a continuous scan rate of 0.5 /min. The wide-angle PXRD patterns were collected over a 2-theta range of 10e80 with a continuous scan rate of 2.0 /min. Nitrogen sorption experiments were conducted in a Quantachrome Autosorb-1-1C automated adsorption system. The powders were degassed for 6 h at 150 C. Surface areas were calculated using the Brunauer-Emmett-Teller (BET) method. Pore size distributions and pore volumes were calculated using the Barrett-Joyner-Halenda (BJH) method from the desorption isotherm. Morphological characterization was done using an FEI Teneo LoVac FEG-SEM. Transmission electron microscopy (TEM) images of synthesized mesoporous materials were recorded on a JEOL 2010 FasTEM microscope operated at 200 kV. CO 2 temperature-programmed desorption (TPD) was conducted using a Netzsch TG 209 F1 Libra thermogravimetric analyzer coupled to a QMS 403C quadrupole mass spectrometer. The samples were pretreated at 200 C for 1 h to clean the sample surface before each test. CO 2 adsorption was performed at 27 C with 50 cm 3 /min 5% CO 2 balanced in argon for 1 h. Physisorbed CO 2 was removed by flowing argon for 30 min. After that, the samples were heated from 27 C to 900 C under 15 C/min in argon. Pyridine adsorption studies were performed with 13 mm diameter self-supporting pellets using a Nicolet Magna 560 FTIR. The pellets were cleaned at 250 C overnight. A 1 M pyridine solution in methanol was dropped on the pellets, and physisorbed pyridine was removed at 200 C for 90 min. The spent adsorbent Al120-8h after the first run was analyzed using a Bruker Avance III 400 MHz solid-state magicangle spinning nuclear magnetic resonance (MAS NMR) spectroscopy, and a PHI Model 590 X-ray photoelectron spectroscopy (XPS).
D4 siloxane adsorption
Each D4 siloxane (Sigma-Aldrich) adsorption test was performed over 100 mg of adsorbent material at room temperature and atmospheric pressure in a tubular quartz reactor (15 cm long, 0.6 cm internal diameter). D4 siloxane was introduced with a nitrogen carrier gas flow (15 mL/min). The D4 siloxane amount in the carrier gas was approximately 6.4 mg/60 min. After passing through the adsorbents, a gas wash bottle filled with 200 mL hexane (Sigma-Aldrich) was used to trap the residual siloxane in the carrier gas. The D4 siloxane concentration in the solvent trap was sampled every 20 min and measured in an Agilent gas chromatography/mass selective detector (GC/MSD) system (GC 7820A and MSD 5975) equipped with an HP-1 capillary column (12 m Â 200 mm Â 0.33 mm). Calibration was carried out using D4 siloxane standards.
Breakthrough time was identified from breakthrough curves, and then breakthrough capacity was obtained from the corresponding saturation curve. The saturation curve was obtained by subtraction of the breakthrough curve from the blank breakthrough curve (tested with no adsorbents), which presented the D4 amount adsorbed. Saturation capacity is the maximum adsorption capacity. The spent adsorbent was recovered after the adsorption tests, mixed with 50 mL of hexane, and centrifuged after sonication to extract the adsorbed siloxane from the adsorbent. The extract was then analyzed in the GC/MSD system to obtain the wash capacity of the adsorbents, which was identical to its saturation capacity. The adsorbent after extraction was dried at 100 C overnight and tested again for evaluation of its stability.
Results
Modification of MA pore size by adjusting the reaction time and surfactant
All the MA materials in Fig. 1a show one broad XRD line in the low angle region, and the wall thicknesses are calculated accordingly (Table 1 ). There is only one peak in the low angle XRD range, indicating a nano-sized periodicity and uniform mesoporosity [24, 39] . The peak positions are 9.3 nm, 11.8 nm, and 14.7 nm with the reaction times of 4 h, 6 h, and 8 h, respectively, which indicates the pore size increases with the reaction time. The peak positions are 9.8 nm, 11.8 nm, and 14.7 nm with surfactants of Brij56, P123, and F127, respectively, which indicates that the pore size increases with the chain lengths of the surfactants. The wide-angle XRD patterns of these samples ( Fig. S3 ) reflect their low crystallinity. The sample Al120-8h is identified as g-alumina (JCPDS#:10-0425) after subsequent thermal treatment up to 900 C for 1 h (Fig. S4) .
Mesoporosity of the alumina is further illustrated by the N 2 adsorption/desorption isotherms and BJH desorption pore size distributions ( Fig. 1b and c) . All alumina samples show a similar well-defined step in the adsorption isotherm (Type IV isotherm), indicating a normal mesoporous structure [36] , and a hysteresis in the desorption isotherm over the same relative pressure range (H1 hysteresis loop), suggesting the formation of cylindrical pores [24] . Fig. 1b shows that the capillary condensation steps for samples Al120-4h, Al120-6h, and Al120-8h shift slightly to the greater relative pressures, indicating an increase in the size of mesopores with the increasing reaction time. A similar trend is also observed for samples Al-Brij56, Al-P123 (Al120-6h), and Al-F127, indicating an increase in the mesopore size with the chain lengths of the surfactants increasing. In Fig. 1c , the pore diameters of the mesoporous Al120-4h, Al120-6h, and Al120-8h are observed to increase with the reaction time increasing. The pore diameter of mesoporous Al-F127 is larger than that of Al-P123, while the pore size of Al-Brij 56 is the smallest among the three samples with different surfactants as the variable parameter (Fig. 1c) .
The TEM images of the representative samples Al120-6h and Al120-8h (Fig. 1d) show that no apparent order in the pore arrangement exists, which is in good agreement with the low angle XRD patterns. The pore packing motif can be described as wormhole-like [20, 40] . Though regular in average diameter, the wormhole-like channels have no long-range order. That is, the channels appear to be packed randomly. The low angle XRD line may result from the regular separation between single channel walls [40] . The pore sizes are shown to be improved with the reaction time increasing from 6 h to 8 h.
Modification of MA surface area and pore volume by adjusting the calcination temperature and hold time
Mesoporosity is maintained at different calcination temperatures and hold times as shown in the low angle XRD patterns (Fig. 2a) . All of the resulting MA materials have low crystallinity (Fig. S3) , and show mesoporous characteristic Type IV isotherms and monomodal pore size distributions regardless of the calcination temperature or hold time (Fig. 2b and c) . As shown in Table 1 , the surface area and pore volume increase when the calcination temperature is increased from 450 C to 600 C, whereas the pore size does not have an obvious change with an increasing calcination temperature. (The evidence of organic template removal is provided in Figs. S5 and S6.) The surface area and pore volume also increase with an increase of the calcination hold time, though the hold time has no obvious effect on the pore size of MA. All of these results signify that a good control of the surface area and pore volume of MA is achieved by adjusting the heat treatment parameters. The high-resolution TEM image (Fig. 2d ) of Al500-1h (Al120-8h) shows a highly interconnected pore system.
D4 siloxane adsorption
The reaction time is a major factor in the synthesis method to adjust the pore volumes according to the summary in Table 1 , so Al120-6h and Al120-8h are chosen for D4 siloxane adsorption tests. Commercially activated alumina is the most well-known alumina sample for adsorption or catalysis. Fig. 3 shows a comparison of D4 siloxane adsorption tests of the as-synthesized samples (Al120-6h, Al120-8h) and commercially activated alumina. As revealed from the D4 breakthrough curve in Fig. 3a , D4 does not break through Al120-8h until 100 min (breakthrough capacity:~45 mg/g). However, commercially activated alumina and Al120-6h have breakthroughs at approximately 60 min (breakthrough capacity:~8 mg/ g). That means the breakthrough capacity of Al120-8h is approximate 5.6 times greater than that of commercially activated alumina. According to the D4 saturation curve (Fig. 3b) , the saturation capacity of commercially activated alumina is 127 mg/g. For Al120-8h, the saturation capacity is 168 mg/g, indicating an improvement of 32% compared to that of commercially activated alumina. The surface area and pore volume of commercially activated alumina are recorded in Table 1 (N 2 sorption related measurements are shown in Fig. S8 ).
Adsorbent regeneration
MA Al120-8h can be easily regenerated. The wash capacities of the adsorbents are 162, 148, 143 mg/g from the first (1st) to third (3rd) recycle, respectively, which maintains 96%, 88%, and 85% capacity of the fresh adsorbent (Fig. 4a) . Wide scan XPS data (Fig. 4b) reveal an atomic ratio of Si/Al~0.4 on the surface of the spent Al120-8h after one run. In contrast, the most widely used adsorbent ACs are not easily recovered even at high temperatures (250e300 C) for an extended period [41] . The capacity loss is an effect related to the polymerization of D4 on the surface of ACs due to the phenolic and carboxylic groups on their surfaces. A 96% capacity is maintained for the first recycle of Al120-8h, indicating that a polymerization phenomenon is not evident after one D4 siloxane adsorption run, which is further verified by 29 Si MAS NMR (Fig. 4c ) and ATR (Fig. 4d ) measurements on spent Al120-8h after one run.
Since only one peak at d ¼ À19 is observed in the 29 Si MAS NMR spectrum for spent Al120-8h after one run (Fig. 4c) , and NMR peaks for other siloxanes are not observed, there is no obvious polymerization on the Al120-8h adsorbent [42] . The ATR spectrum of spent Al120-8h recorded after one D4 siloxane adsorption run is compared with the spectra of the fresh adsorbent and D4 (Fig. 4d) . Bands at wavenumbers of 1255, 1062, and 804 cm À1 are detected for spent Al120-8h, which are ascribed to the SieCH 3 bond, the asymmetric, and the symmetric stretches of the SieOeSi bridge bonds of D4 siloxane, respectively [41] . There are no other bands, and thus no polymerization for Al120-8h after one run is observed [43] . After recycling for three times, the adsorbent shows excellent stability as compared to the significant loss of capacity for ACs and silica gel [1, 43, 44] .
Discussion
Formation of MA
Inverse micelles are formed as nanoreactors by surfactants as shown in Scheme 1. Aluminum oxo-clusters are stabilized in hydrated inverse micelles at a low pH and interact with surfactant via a charge transfer interaction or hydrogen bonding. The aluminum precursor loaded inverse micelles are packed randomly during the reaction at 120 C. A concomitant color change to yellow after reaction for approximately 20 min indicates the formation of NO x (a wide range of nitric oxides), which is proved during the synthesis of other mesoporous oxides prepared based on the same synthetic strategy (e.g., silica, titania, manganese oxides) [36] . Packing is followed by oxidation and condensation of the aluminum precursors in the micelles. Surfactant species are oxidized to form carboxyl groups coordinated to aluminum oxo-clusters, which is observed for transition metal systems [36] . MA is formed as pH increases due to NO x formation from thermal decomposition of nitrate ions during the reaction. Finally, the residual surfactants are washed off, and surface NO x and carboxyl species are removed after calcination. The crystalline walls of as-synthesized mesoporous materials are made up of nanoparticles of alumina, and the mesopores are the intra-connecting voids formed between randomly packed nanocrystals [36] . The hydrolysis and condensation rates of aluminum alkoxides are faster than that of silicon alkoxides [21] , so synthesis methods used for mesoporous silica have not always yielded satisfactory results for MA. As for our synthesis strategy, the rates of hydrolysis and condensation of aluminum precursors are controlled by in situ formation of NO x from nitrate ions.
Effect of synthesis parameters on textural properties of MA
The fact that a longer reaction time results in a larger pore size is attributed to the longer condensation time for the precursors. The more precursors condense during a longer reaction time, and the more inverse micelles are packed together to form a bigger mesopore and a larger pore volume, which is confirmed by the change of the gel color and the wall thickness. The as-formed gel is white after 4 h, which turns yellow after 6 h and golden yellow after 8 h (Fig. S2) . The gel adsorbs NO x during the reaction, and the color darkens because more NO x is formed, which indicates more precursors participate in the reaction. The wall thickness increases by approximately 68% from the reaction time of 4 he8 h. At the same time, the pore size increases by approximately 39%.
There is no need for a stringent selection of surfactants to prepare MA with this facile method. MA with a high surface area and narrow pore size distribution are obtained with non-ionic surfactants like Brij56, P123, and F127. Furthermore, pore sizes of MA are continuously adjusted by choosing surfactants with different chain lengths of the PEO block. The chain lengths of the PEO blocks of F127 and P123 surfactants are essential in determining the pore size and pore volume of MA [45] , with the central PPO blocks having the same length. The PEO block chain length of F127 is much longer than that of P123, and the pore size and pore volume of Al-F127 are larger than that of Al-P123. The unit number of PEO block of Brij56 is considerably smaller than that of P123 or F127, which generates Al-Brij56 with a smaller pore size and pore volume. The sizes of inverse surfactant micelle nanoreactors get bigger with longer surfactants, more inverse micelles pack together, and therefore interstitial voids (pores) formed in between the alumina nanoparticles get larger. PEO block is expected to be more closely associated with the inorganic alumina wall than the more hydrophobic PPO block because the PEO block interacts with the alumina species more strongly through a charge transfer interaction or hydrogen bonding [37] . Therefore, the wall thickness increases as expected by approximately 41% from surfactant Brij56 to F127 with the increasing length of the PEO block. The pore size increases by approximately 69%. The surfactant chain length has a more potent effect on increasing the pore size than the reaction time does. Calcination temperature and hold time have no obvious effect on the pore sizes of as-synthesized MA, which shows the pore structures have good thermal stability under these heat treatment conditions.
Effect of textural properties on D4 siloxane adsorption and adsorbent regeneration
Since the pore sizes of all the as-synthesized MA samples are larger than the molecular size of D4, pore size is not a limiting parameter for the MA adsorbents. Cabrera-Codony et al. reported that adsorption is strongly related to the textural properties of ACs, and the pore volume plays a key role in D4 siloxane adsorption [1] , which is in agreement with our previous work on mesoporous aluminosilicates [19] . Pore volume is also a key factor in our system. As presented in Table 1 , although the pore size and surface area of Al120-6h are larger than that of commercially activated alumina, the total pore volume of Al120-6h (0.20 cc g
À1
) is less than that of commercially activated alumina (0.26 cc g À1 ). The saturation capacity of Al120-6h (92 mg/g) is 28% less than that of commercially activated alumina. All textural parameters of Al120-8h are larger than that of commercially activated alumina (pore volume of Al120-8h is approximately 1.8 times of that of commercially activated alumina), and Al120-8h displays a much better performance than that of commercially activated alumina. It is hard to avoid undesirable polymerization of D4 siloxane on the surface of the adsorbent [19] . D4 siloxane can interact with hydroxyl groups on the adsorbent surface by hydrogen bonding, and surface hydroxyl groups can function as active catalytic centers for ring-opening polymerization of siloxane [1, 44, 46] . However, lower or higher molecular weight siloxanes are not detected after one run, which is beneficial for the longevity and regeneration of the adsorbents. Acidic and basic sites on Al120-8h are also related to the better adsorption performance induced by polymerization [47] , which can also explain the 15% capacity loss in the third recycle of the adsorbent. The CO 2 -TPD profiles and FTIR spectra of pyridine adsorption were recorded to study the differences in the types, strengths, and the amount of basic and acidic sites of the selected Al120-8h and commercially activated alumina. These profiles are shown in Fig. 5a and b, respectively. The CO 2 -TPD profile of MA Al120-8h in Fig. 5a shows three peaks, indicating the existence of basic sites on the surface of the sample studied. Desorption peaks are centered at 100 and 299 C, while the main desorption peak of commercially activated alumina is located at 100 C. Since acidic CO 2 desorbs at a higher temperature from stronger basic sites, and CO 2 desorbs at a higher temperature (299 C) from Al120-8h, Al120-8h has stronger basic sites [48, 49] . The amount of desorbed CO 2 from Al120-8h is larger than that from commercially activated alumina when an equal amount of sample is tested, indicating Al120-8h has a larger quantity of basic sites. Fig. 5b shows FTIR spectra of pyridine adsorbed alumina samples at room temperature. Pyridine adsorbed on surface hydroxyl groups (1522 cm À1 ) is labeled as eOH (The reason is that surface hydroxyl groups act as Brønsted acid sites under ex-situ test conditions [50, 51] . The vibrations of adsorbed pyridine do not distinguish the acidity because the band at 1522 cm À1 does not change in wavenumber upon varying the acidity of the solid [52] ). Pyridine adsorbed on Lewis acid sites (1400 cm À1 and 1630 cm À1 ) are labeled as L [52] . Both materials contain Lewis acid sites. The IR absorbance intensity from Lewis acid sites of Al120-8h is higher than that of commercially activated alumina, indicating a larger amount of acid sites for Al120-8h .Since aluminum ions are the center of acidity, the acidity profile observed may be due to the aluminum ion distribution of the sample. The coordination environment of aluminum ions in as-synthesized Al120-8h was examined by 27 Al MAS NMR spectrometry. The spectrum of Al120-8h displays three resonance signals at d ¼ 5, 35, and 61 (Fig. 5c ).
These lines are indicative of six-, five-, and four-coordinate metal centers, respectively [40] . The presence of five-coordinate aluminum ion centers may have significant catalytic activity as Lewis acid centers [40] . The advantage of a wormhole-like pore structure is its highly interconnected pore system [20, 21] , whose high porosities and large surface areas are fully utilized. A wormhole-like pore structure can have better diffusion of D4 siloxane given mass-transfer limitations [53] . This structure also enhances the accessibility of the D4 molecules to the active centers (acid-base sites on the adsorbent surface) [19, 24, 53] , which may give rise to the excellent adsorption performance. This wormhole-like pore structure could be one of the reasons why a high adsorption capacity of D4 siloxane is obtained with MA Al120-8h.
Conclusions
In summary, a sol-gel based inverse micelle method with a nonpolar solvent (1-butanol) and short reaction times (4e8 h) was successfully modified for the synthesis of MA. The reaction times, surfactant chain lengths, and calcination temperatures and hold times had independent effects on the textural properties (pore sizes, surface areas, and pore volumes) of MA. The reaction times and surfactants were selected to continuously adjust the pore sizes and pore volumes of MA, while the calcination temperatures and hold times adjusted the surface areas and pore volumes without affecting the average pore size. Characterization studies of a representative sample, Al120-8h, by low angle XRD, N 2 sorption, TEM, CO 2 -TPD, and pyridine adsorption FTIR, showed that the material formed a uniform wormhole-like pore structure with a relatively high amount of acidic and basic sites on the surface. Furthermore, Al120-8h presented a high capacity (168 mg/g) compared to commercially activated alumina for D4 siloxane adsorption, which was due to its large mesopore volume. Reusability studies indicate that the as-synthesized MA is a promising adsorbent for the removal of siloxanes from biogas under ambient conditions.
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Supporting Figure S6 . FT-IR spectra of (a) MA gel after reaction at 120 o C for 6 h and (b) Al450-1h, Al500-1h, and Al600-1h samples.
As can be seen from Fig. S5 , there is almost no CO 2 (mass=44) detected at 450 o C for MA gel after reaction at 120 o C for 6 h. The surfactant P123 is almost removed completely at 450 o C, which is further confirmed by FT-IR measurements. In Fig. S6(a) , the absorption bands at 2974, 2935 and 2875 cm -1 are attributed to C-H bonds of the surfactant. The absorption bands at 1384, 1105 cm -1 are attributed to -CH 2 -and C-O bonds of the surfactant, respectively. [5] [12] After calcination, FT-IR spectra of Al450-1h, Al500-1h, and Al600-1h samples are shown in Fig. S6(b) . The absorption bands mentioned above disappear, which prove that the surfactant is removed completely after calcination at 450 o C. Therefore, the organic template is completely removed when the calcination temperature is in the range from 450 o C to 600 o C. 
